Vascular growth factors play an important role in maintaining the structure and integrity of the glomerular filtration barrier. In healthy adult glomeruli, the proendothelial survival factors vascular endothelial growth factor-A (VEGF-A) and angiopoietin-1 are constitutively expressed in glomerular podocyte epithelia. We demonstrate that this milieu of vascular growth factors is altered in streptozotocin-induced type 1 diabetic mice, with decreased angiopoietin-1 levels, VEGF-A upregulation, decreased soluble VEGF receptor-1 (VEGFR1), and increased VEGFR2 phosphorylation. This was accompanied by marked albuminuria, nephromegaly, hyperfiltration, glomerular ultrastructural alterations, and aberrant angiogenesis. We subsequently hypothesized that restoration of angiopoietin-1 expression within glomeruli might ameliorate manifestations of early diabetic glomerulopathy. Podocyte-specific inducible repletion of angiopoietin-1 in diabetic mice caused a 70% reduction of albuminuria and prevented diabetes-induced glomerular endothelial cell proliferation; hyperfiltration and renal morphology were unchanged. Furthermore, angiopoietin-1 repletion in diabetic mice increased Tie-2 phosphorylation, elevated soluble VEGFR1, and was paralleled by a decrease in VEGFR2 phosphorylation and increased endothelial nitric oxide synthase Ser 1177 phosphorylation. Diabetes-induced nephrin phosphorylation was also reduced in mice with angiopoietin-1 repletion. In conclusion, targeted angiopoietin-1 therapy shows promise as a renoprotective tool in the early stages of diabetic kidney disease.
Diabetic nephropathy (DN) is the leading cause of ESRD characterized by structural changes in the kidney glomerular filtration barrier, including podocyte foot process fusion, basement membrane thickening, mesangial expansion, and abnormal angiogenesis leading to albuminuria. 1, 2 Healthy adult podocytes express vascular endothelial growth factor-A (VEGF-A) and angiopoietin-1 (Angpt1). 3, 4 VEGF-A binds to its receptors VEGFR1 and VEGFR2; the former also exists as a soluble form (sVEGFR1), which is an inhibitor of VEGF-A signaling. 5 Angpt1 phosphorylates the TEK tyrosine kinase (Tie-2) receptor. 5 VEGFR2 and Tie-2 are mainly expressed by glomerular endothelia, and their concurrent activation is predicted to lead to endothelial survival and vessel stabilization. 3, 5, 6 In otherwise healthy animals, podocyte VEGF-A depletion leads to proteinuria, whereas downregulation of podocyte Angpt1 does not appear to compromise glomerular biology. 7, 8 Several reports have suggested that DN kidneys have altered expression of VEGF-A, Angpt1, and also Angpt2, the natural antagonist of Angpt1. [8] [9] [10] In diabetic mice, deletion of podocyte Angpt1, 8 or further overexpression of VEGF-A in podocytes, worsens glomerular morphology and enhances proteinuria. 11 Viral delivery of COMPAngpt1 12 or either glomerular transgenic or systemic overexpression of sVEGFR1 ameliorates albuminuria in DN. 13, 14 Here we demonstrate an Angpt1 deficiency and enhanced VEGF-A signaling in diabetic mouse kidneys. This growth factor milieu is predicted to destabilize endothelia and enhance angiogenesis, 5 an early feature of diabetic glomerulopathy. 2 Accordingly, we hypothesized that site-directed Angpt1 therapy would ameliorate early diabetic glomerulopathy; to test this we used an inducible podocyte-specific transgenic Angpt1 strategy.
RESULTS

Angpt1 Induction in Nondiabetic Mice
As a prelude to the DN study, our initial experiments examined whether inducible podocyte-specific Angpt1 upregulation had any effect on nondiabetic mice. We bred FVB/N mice homozygous for podocin-rtTA with BL6/CBA mice heterozygous for pTRE bidirectional LacZ/Angpt1 construct ( Figure  1A ) to generate two genotypes called Pod/Angpt1 and Pod/+ with a similar complements of background alleles. From 8 weeks of age, mice of both sexes were administered doxycycline or vehicle for 10 weeks, at which point they were analyzed. LacZ expression was evident only in the podocytes of Pod/Angpt1 mice administered doxycycline ( Figure 1B) ; these animals had a two-to three-fold increase in renal cortical Angpt1 protein but no changes in Angpt2, Tie-2, phosphorylated Tie-2 (Tie-2-P)/total Tie-2 ratio, or VEGF-A (Supplemental Figure 1 , A-E, and Supplemental Figure 2 ). Doxycycline -treated Pod/Angpt1 mouse kidneys were morphologically similar to controls; they had smooth outlines and were neither swollen nor contracted (data not shown); kidney/body weight was not different between groups (Supplemental Table 1 ). Transgenic Angpt1 upregulation did not alter 24-hour albumin excretion (Supplemental Figure 1F) , creatinine clearance, systolic and diastolic blood pressure, or glomerular ultrastructure (Supplemental Table 1 ). Thus, podocyte Angpt1 upregulation in otherwise healthy animals did not alter glomerular structure and function. We therefore reasoned that this transgenic strategy could be used as a means of manipulating Angpt1 levels in diabetic glomeruli.
Angpt1 Deficiency Is Attenuated by Targeted Glomerular Angpt1 Repletion in Diabetic Mice
Five-week-old male Pod/Angpt1 and Pod/+ mice were made diabetic by daily injection of streptozotocin; in addition a group of Pod/+ mice were administered citrate buffer as nondiabetic controls. Three weeks later (8 weeks old mice), we isolated glomeruli and found that glomerular Angpt1 mRNA was decreased in diabetic mice, with no significant changes in Angpt2 mRNA between nondiabetic and diabetic mice ( Figure  2A) . To obtain insight in Angpt regulation in human podocytes, we performed in vitro studies with cells incubated in high or normal glucose conditions. Using quantitative RT-PCR, ANGPT1 mRNA was significantly downregulated in high glucose-treated cells compared with normal glucosetreated cells (Figure 2A ). ANGPT2 transcripts were not detected in cultured podocytes (not shown).
We subsequently examined the effect of restoring Angpt1 in 8-week-old male mice that had been exposed to diabetes for 3 weeks. Nondiabetic Pod/+, diabetic Pod/Angpt1, and diabetic Pod/+ groups were fed doxycycline for 10 weeks and studied in detail when they were 18 weeks old (i.e., 13 weeks after induction of diabetes) ( Figure 1C ). We focused on two main comparisons: nondiabetic Pod/+ doxycycline versus diabetic Pod/+ doxycycline to assess the effect of diabetes, and diabetic Pod/+ doxycycline versus diabetic Pod/Angpt1 doxycycline to assess the effects of Angpt1 restoration in a diabetic milieu.
After 13 weeks of diabetes, the renal cortical Angpt1 protein expression was still significantly reduced ( Figure 2B ) in diabetic Pod/+ doxycycline compared with nondiabetic Pod/+ doxycycline mice. Diabetes also led to a significant downregulation of renal cortical Tie-2 protein expression ( Figure 2C ) but not phosphorylated Tie-2/total Tie-2 ( Figure 2D ). Podocyte-specific Angpt1 repletion in diabetic mice attenuated the Angpt1 deficiency found in diabetic Pod/+ doxycycline animals ( Figure 2B ). Diabetic Pod/Angpt1 had similar Tie-2 protein levels compared with diabetic Pod/+ doxycycline mice ( Figure 2C ), but Tie-2-P/ total Tie-2 ratio was significantly increased ( Figure 2D ).
Effect of Targeted Angpt1 Repletion on Renal Clinical Parameters in Diabetic Mice
Thirteen weeks of diabetes increased circulating glucose levels and raised kidney/body weight in diabetic Pod/+ doxycycline compared with nondiabetic Pod/+ doxycycline mice; Angpt1 repletion did not alter either of these parameters (Table 1) . Albuminuria was increased in diabetic Pod/+ doxycycline compared with nondiabetic Pod/+ doxycycline mice, and this was significantly attenuated by 70% in diabetic Pod/ Angpt1 doxycycline mice (albuminuria expressed as geometric Figure 2 . Diabetes-mediated Angpt imbalance is ameliorated in mice with Angpt1 repletion. In 8-week-old mice (before treatment with vehicle or doxycycline [DOX]) diabetes led to a decrease in Angpt1 mRNA in isolated glomeruli (D, diabetic; ND, nondiabetic; n=3/group; *P=0.02) (Ai); there was no change in Angpt2 mRNA (Aii). In human podocytes ANGPT1 mRNA was downregulated in high glucose (HG) compared with normal glucose (NG) conditions (Aiii) (n=7-8/group; *P=0.009). In mice with 10 weeks of DOX administration, renal cortical Angpt1 protein was decreased in diabetic mice compared with nondiabetic mice (n=8-11/group; *P=0.002); Angpt1 repletion in diabetic mice resulted in a 20%-30% increase in Angpt1 levels in diabetic mice (n=7-11/group; #P=0.02) (B). X-gal staining of D Pod/Angpt1 mice demonstrated positive expression in glomerular podocytes, indicating the transgene system was working in diabetic mice (B) (X-Gal and eosin staining, magnification x60). Kidney cortical Tie-2 was downregulated in diabetic animals compared with nondiabetic animals (n=7-8/ group; *P=0.02) (C); in Pod/Angpt1 DOX diabetic mice, we observed a significant upregulation of Tie-2-P/Tie-2 ratio compared with diabetic control mice (n=7-8/group; #P=0.003) (D). *indicates comparisons between nondiabetic and diabetic state or normal and high glucose conditions; # indicates the comparisons between diabetic states without and with Angpt1 repletion. . Diabetes also led to an increase in creatinine clearance and systolic BP, but Angpt1 repletion had no effect on these parameters ( Table 1) .
Effect of Targeted Angpt1 Repletion on Glomerular Structure in Diabetic Mice
To determine whether changes in albumin excretion were associated with alterations in glomerular structure, detailed electron microscopy analyses were performed. Diabetic Pod/+ doxycycline mice showed mesangial expansion and increased glomerular basement membrane thickness compared with nondiabetic Pod/+ doxycycline mice; restoring Angpt1 levels in diabetes did not affect these parameters ( Figure 3 , C and D). No significant differences were observed in podocyte density and foot processes width ( Figure 3 , E and F) between any of the groups of mice studied. There was also no apparent alterations (e.g., cell swelling, cysts) observed in glomerular endothelial cell morphology after induction of diabetes with or without Angpt1 repletion. Notably, the total numbers of proliferating glomerular cells, as well as the numbers of proliferating glomerular endothelia, were elevated in diabetic Pod/+ doxycycline mice compared with nondiabetic Pod/+ doxycycline mice; restoring the Angpt1 levels significantly ameliorated these effects (Figure 3 , G-I). Assessment of glycocalyx using wheat germ agglutinin immunohistochemistry, which labels N-acetyl glucosamine and N-acetyl neuraminic acid oligosaccharide moieties 15 (Supplemental Figure 3 ) did not demonstrate any difference in the three groups of animal studied (percentage area with glomerular staining: nondiabetic Pod/+ doxycycline mice, 13.1%61.6%; diabetic Pod/+ doxycycline mice, 14.6%60.8%; diabetic Pod/ Angpt1 doxycycline mice, 11.3%61.6%).
Effect of Targeted Glomerular Angpt1 Repletion on Molecular Parameters in Diabetic Mice
Because VEGF-A is considered to have profound effects on glomerular biology, we evaluated whether Angpt1 repletion altered VEGF-A levels and signaling in diabetic mice. Compared with nondiabetic Pod/+ doxycycline mice, diabetic Pod/+ doxycycline animals exhibited a 2.2-fold increase in renal cortical protein levels of VEGF-A ( Figure 4A) ; although total VEGFR2 levels were reduced, diabetes led to a 4-fold increase in phosphorylated VEGFR2 (Figure 4, C and D) . Transgenic Angpt1 expression in diabetic mice did not alter VEGF-A or total VEGFR2 levels ( Figure  4 , A and D) but significantly reduced the diabetes-induced increase in VEGFR2 phosphorylation ( Figure 4C ). The expression of sVEGFR1 in the kidney cortex was downregulated in diabetic Pod/+ doxycycline mice compared with nondiabetic Pod/+ doxycycline mice, and this reduction was prevented by Angpt1 repletion during diabetes ( Figure 4B ). The slit diaphragm protein nephrin was downregulated in diabetes and restoring Angpt1 did not modify its levels ( Figure  5B) ; conversely, diabetes-induced increase in nephrin phosphorylation was reduced in mice with Angpt1 repletion ( Figure 5A ). Endothelial nitric oxide synthase (eNOS) was upregulated in diabetes and not modified by Angpt1 repletion ( Figure 5D) ; however, restoring Angpt1 levels increased eNOS Ser 1177 phosphorylation in diabetic mice ( Figure 5C ).
Ex Vivo ANGPT Determinations in Humans
To relate to human disease the diabetes-induced Angpt imbalance observed in animals, we assessed ANGPT mRNA levels in isolated glomeruli obtained from diabetic patients and live donor kidneys (LDKs). Most patients had type 2 diabetes (see Concise Methods). The levels of ANGPT1 did not differ between patients with DN compared with LDKs, but ANGPT2 was significantly higher in DN ( Figure 6 ). No correlation was observed with estimated GFR.
DISCUSSION
In this study, we demonstrated that the early stages of DN were associated with changes in vascular growth factors (Angpt1 deficiency/VEGF-A excess) leading to vessel destabilization, marked albuminuria, and glomerular endothelial cell proliferation. We subsequently hypothesized that therapeutically restoring local Angpt1 within glomeruli could ameliorate early diabetic glomerulopathy. Our findings demonstrated that podocyte-specific Angpt1 restoration ameliorated the diabetes-induced decrease in Angpt1 and resulted in an increase in kidney cortical Tie-2 phosphorylation; this was in contrast with nondiabetic Angpt1 overexpressing mice, suggesting that the effects of Angpt1 are context dependent. An alternative explanation for this finding is that a more permeable glomerular filtration barrier in diabetes could allow a better availability of podocyte-secreted Angpt1 for the glomerular endothelium. Repletion of Angpt1 in diabetic mice was associated with marked attenuation of albuminuria, a key marker of early diabetic glomerulopathy. 16 Prior work by Lee and colleagues 12 treated db/db mice with multiple systemic injections of adenovirus for COMP-Angpt1 (a modified form of Angpt1 17 ). COMP-Angpt1 overexpression improved albuminuria, mesangial matrix expansion, glomerular basement membrane thickness and inflammation. Critically, the interpretation of the effects of COMP-Angpt1 was confounded by a significant reduction of glycemia in the diabetic animals treated with the adenovirus, which by itself would account for the amelioration of DN. In contrast, our transgenic strategy allows us to modulate glomerular Angpt1 expression in a site-specific manner without any systemic adverse effects. Genetic ablation of Angpt1 in podocytes is associated with a worsening of progression of DN secondary to further disruption of the diabetes-induced local imbalance of Angpt1 and Angpt2. 8 Our study shows that restoration of Angpt1 in glomeruli improves diabetic kidney disease, which could be developed as a novel treatment strategy for DN.
How might restored levels of glomerular Angpt1 ameliorate albuminuria in diabetic mice? One potential explanation could be that restoring Angpt1 levels had a local hemodynamic effect that could drive changes in albuminuria. 18 However, although early Figure 3 . Angpt1 repletion ameliorates diabetes-mediated albuminuria and glomerular endothelial cells proliferation. Albuminuria (geometric mean, 95% confidence intervals) was increased in diabetic mice compared with nondiabetic mice (n=10-12/group; *P=0.001) (A); significant amelioration of albuminuria was observed in diabetic mice with restored Angpt1 levels (n=10-12/group; #P=0.003). Representative image on transmission electron microscopy (scale bar: 2 mm) (B) and quantitative electron microscopy analysis of glomerular parameters: mesangial volume fraction (VvMes) (C), glomerular basement (GBM) width (D), podocyte density (E), and foot process width (F) in nondiabetic Pod/+, diabetic Pod/+ and Pod/Angpt1 mice after 10 weeks of doxycycline (DOX) administration. VvMes and GBM width were increased in diabetic compared with nondiabetic mice (n=9-12/group; *P,0.01); Angpt1 repletion did not affect these parameters. Angpt1 repletion prevented the diabetes-induced increase in total glomerular Ki67-positive cells and proliferating endothelia (EC) (G and H, n=4/group; *P,0.01, #P,0.01). Representative image showing a Ki67-positive glomerular endothelial cell (I) (magnification 360). D, diabetic; ND, nondiabetic. *indicates comparisons between nondiabetic and diabetic states; # indicates the comparisons between diabetic states without and with Angpt1 repletion. diabetes led to hyperfiltration, evidenced by an elevation in creatinine clearance, Angpt1 repletion did not significantly alter this. Furthermore, there was no significant correlation between the degree of albuminuria and creatinine clearance (data not shown). In addition, the modest diabetes-mediated increase in systolic BP was not altered by Angpt1 repletion, again suggesting a hemodynamic independent effect of Angpt1 on albuminuria.
A key finding was that diabetes led to an increase in VEGFR2 phosphorylation, which was attenuated by restoration of Angpt1 levels. The decrease in VEGFR2 phosphorylation in diabetic mice following Angpt1 repletion was accompanied by an increase in sVEGFR1. The level of VEGF-A signaling is critical in maintaining the integrity of the glomerular filtration barrier. 19 In DN, components of the VEGF-A pathway, as shown in this and other studies, are upregulated, 20, 21 and dampening VEGF-A signaling can improve diabetic glomerulopathy and albuminuria. 13, 14, 22 In contrast, reduced local production of glomerular VEGF-A in mice with type 1 diabetes promotes endothelial damage accelerating the progression of glomerular injury. 23 Furthermore, the observed upregulation of sVEGFR in diabetic Angpt1 mice could account for the reduced glomerular permeability as sVEGFR1 podocyte-specific deletion results in podocyte cytoskeleton reorganization and proteinuria. 24 This study showed that DN was associated with increased nephrin phosphorylation which was reduced in mice with Angpt1 repletion. Little is known about the effect of hyperglycemia on nephrin phosphorylation, with one study in pancreatic b cells showing elevated phosphorylation following glucose incubation. 25 One might speculate that increased phosphorylation would target the nephrin protein for degradation, which would impair the glomerular filtration barrier. Indeed, we demonstrated that the total nephrin protein levels in diabetic mice was decreased compared with nondiabetic animals in accord with previous observations. [26] [27] [28] Zhu and colleagues demonstrated that increased nephrin phosphorylation in podocytes leads to an alteration in the actin cytoskeleton with decreased stress fibers and increased lamellipodia. 29 The reduction in nephrin phosphorylation in diabetic mice with Angpt1 repletion could account for an "improved" podocyte cell cytoskeleton structure and enhanced glomerular filtration barrier permeability to protein. 30 The effect of Angpt1 on nephrin phosphorylation could be a direct effect on podocytes themselves; indeed, in rats, podocytes express Tie-2 3 , and this study provides evidence for the presence of Tie-2 in mice podocytes (Supplemental Figure 4) . Alternatively, the effect on Angpt1 on nephrin phosphorylation may be secondary to the dampening of VEGFR-2 signaling. Podocytes express VEGFR-2, 13,31 which directly interacts with nephrin. 30 VEGF-A-mediated nephrin phosphorylation results in reduction of VEGFR2-nephrin interactions, leading to changes in podocyte cytoskeleton reminiscent of the foot process effacement that leads to proteinuria. 32 The most important effects of vascular growth factors are likely to be directly on the glomerular endothelium, which expresses both VEGFR1/2 and Tie-2. 3, 13, 31 We demonstrated that Angpt1 repletion prevented the proliferation of glomerular endothelium seen in early diabetic glomerulopathy. 2 This is likely to be due to the vascular stabilizing effect of Angpt1, 33 which would prevent the leakiness of vessels, leading to reduced albuminuria. 34 Part of this effect is probably due to the attenuation of VEGF-A signaling, which contributes to vascular stability by limiting blood vessel proliferation. In addition, Angpt1 increases eNOS Ser 1177 phosphorylation, resulting in sustained nitric oxide levels, 35 which preserves the integrity of interendothelial junctions in capillaries and inhibits angiogenesis and vascular permeability, 36, 37 in physiologic nondiabetic conditions. 38 In our study, we demonstrated that eNOS Ser 1177 phosphorylation was markedly increased in diabetic mice when Angpt1 levels were restored. Therefore, this effect could also contribute to improved vascular stability in diabetic mice with Angpt1 repletion. Interestingly, recent work in db/db mice has linked eNOS Ser 1177 phosphorylation with protection from diabetic glomerulopathy. 39 The endothelial glycocalyx also plays a critical role in the function of the filtration barrier. 40, 41 We visualized the glycocalyx using wheat germ agglutinin 40, 42 but did not observe any changes in the three groups of animals studied. This contrasts with the suggested role of Angpt1 in increasing glycocalyx thickness observed in isolated glomeruli of normal healthy animals. 43 This may relate to the technique used in this study, and future experiments using more sensitive specific electron microscopy techniques are required. 44 To date, no studies have examined the importance of glomerular angiopoietins in humans. We addressed this issue first through in vitro experiments using human podocytes and demonstrated that high glucose results in ANGPT1 mRNA downregulation confirming our in vivo murine observations. We also assessed ANGPT expression in isolated glomeruli obtained from diabetic patients and living donors. Similar to previous observations in rodents with long-term diabetes duration, [8] [9] [10] analysis of human glomeruli showed a significant (but modest) imbalance in favor of ANGPT2 in patients with DN compared with control live donor kidney glomeruli; in contrast to our animal model and other studies, 9 Angpt1 did not change. The most likely explanation for this is that our murine experiments examine early stages of diabetic glomerular disease, where angiogenesis is important. 2 In conclusion, altering the glomerular milieu of vascular growth factors from "Angpt1 deficiency /VEGF-A excess" to "Angpt1 moderate/VEGF-A moderate" ameliorates local angiogenesis and albuminuria in experimental diabetes ( Figure 7 ). Our finding that levels of Angpt2 transcripts were increased in glomeruli of patients with DN may also be important because (1) transgenic glomerular expression of Angpt2, an Angpt1 antagonist, in otherwise healthy mice leads to a modest increase in urinary albumin excretion, 45 and (2) the balance between Angpt1 and Angpt2 may also be important in determining Tie-2 activation, as much as the absolute level of Angpt1 itself. 5 Angpt1 modulation specifically targeting the glomerulus could be used as a potential therapeutical approach in the early phases of diabetic kidney disease.
CONCISE METHODS
Animal Model
Five-week-old male Pod/Angpt1 and Pod/+ mice were administered streptozotocin (50 mg/g body weight) (or vehicle for controls) for 5 days and made diabetic. 13 Three weeks later, animals were placed on doxycycline to induce transgenic Angpt1 expression. Glycemia was Figure 5 . Angpt1 repletion modulates renal cortical levels of nephrin and eNOS phosphorylation in diabetic mice. Diabetes was paralleled by a downregulation of nephrin (B) and by an increase in its phosphorylation (*P,0.01) (A); nephrin downregulation was not affected by Angpt1 repletion, which was, in contrast, associated with a reduction in diabetes-induced nephrin phosphorylation (#P=0.01) (A and B). eNOS was upregulated in diabetic mice and this was not affected by Angpt1 repletion (*P=0.01) (D). An increase in eNOS phosphorylation in Ser 1177 was observed only in diabetic mice with Angpt1 repletion (#P=0.01) (C) (n=4-8/group in all analyses). D, diabetic; DOX, doxycycline; ND, nondiabetic. *indicates comparisons between nondiabetic and diabetic states; # indicates the comparisons between diabetic states without and with Angpt1 repletion.
recorded with glucose oxidase method and 24-hour urine collections were carried out for albuminuria determination. Plasma and urine creatinine were measured by isotope dilution electrospray mass spectrometry and creatinine clearance determined. Systolic BP was measured by noninvasive pletismography. 13 
Molecular Studies
RNA was obtained from isolated glomeruli by Dynabead perfusion, and Angpt1 and Angpt2 assessed by real-time PCR. 46 Western blotting was performed on renal cortical tissue for Angpt1, Angpt2, VEGF-A, eNOS, VEGFR2, VEGFR2-P (Tyr 951 ), Tie-2 (C-terminus), Tie-2-P (Tyr 1100 ), antiphospho eNOS Ser 1177 , and total and phosphorylated nephrin. Tie-2 receptor phosphorylation was also assessed using immunoprecipitation as described. 47 
Immunohistochemistry
Sections from renal biopsy specimens were stained with antibodies to PECAM-1, Ki67, and FITC-conjugated wheat germ agglutinin.
Electron Microscopy
Quantitative glomerular ultrastructural analysis was performed as described. 13 For immunogold studies sections were incubated with Tie-2 antibodies.
In Vitro Experiments
Conditionally immortalized human podocytes 48 were exposed to media containing different glucose concentrations (25 mM for high glucose and 5 mM supplemented with mannitol for normal glucose); ANGPT1 and ANGPT2 mRNA levels were examined by real-time PCR.
Studies of Human Kidney Tissue
Glomerular ANGPT1 and ANGPT2 mRNA levels were obtained from the European Renal cDNA Bank-Kroener-Fresenius biopsy bank. Biopsy specimens were obtained from patients with DN and LDKs and analyzed by microarray technology. 49 
Statistical Analyses
Data are shown as mean 6 SEM unless stated. Differences between two groups were analyzed by t test. When more than two groups were compared, differences were analyzed by ANOVA followed by post hoc least-square-differences test. Data for albuminuria, a non-normally distributed variable, were log transformed before analysis. Analysis was performed with SPSS20 software, and significant differences accepted at P#0.05.
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We thank Professor J. Kopp (Bethesda, MD) for Podocin-rtTa mice, Professor L. Holzman (University of Pennsylvania, Philadelphia, PA) for P-nephrin antisera, Professor H. Holthöfer Figure 6 . ANGPT1 and ANGPT2 mRNA are dysregulated in patients with DN. ANGPT1 and ANGPT2 mRNA expression in isolated glomeruli from patients with diabetic nephropathy and live donor kidney. ANGPT2 is increased in glomeruli obtained from biopsy specimens of patients with DN (n=12) compared with biopsy specimens from live donor kidneys (n=32) (live donor kidney versus diabetic nephropathy, *P=0.00002). Figure 7 . Angpt1 repletion ameliorates diabetic glomerulopathy (schematic diagram).
